chromosome-sized domain. Progression through G2 as cells approach meiotic prophase is accompanied by a complete arrest of long-range chromosome motion.
Background
nuclear organization, recent work suggests a more plastic organization of chromosomes during interphase. In DroStudies of interphase chromosome organization have revealed a high degree of order (reviewed in [1, 2] ). In sophila, the insertion of a pericentric heterochromatin block at the brown locus is sufficient to relocate the distal many systems, including insects, plants, and vertebrates, individual chromosomes occupy distinct, nonoverlapping end of chromosome 2R inside the nucleus [5, 6] . Loss of the Rabl configuration is observed at distinct stages of nuclear territories. In Drosophila embryos, chromosomes display a polarized arrangement, with centromeres at one development and cell cycle progression [5, 7] , while major changes in the 3D organization of chromosomes during pole and telomeres at the opposite pole of the nucleus [3] [4] [5] . This "Rabl" organization may represent the persisdevelopment are associated with homologous pairing [8, 9] . Finally, relocalization of chromosomal sequences tence of the anaphase configuration during interphase. In situ hybridization experiments have also revealed a close bound by the insulator protein suppressor of Hairy-wing correlates with gene transcription [10] . association of specific chromosomal regions with the nuclear envelope, or with internal sites inside the nucleus, and have suggested that these regions may represent anIn yeast and mammalian nuclei, the spatial positioning choring sites for interphase chromosomes [4] . The combiof chromosomal domains may be critical for the correct nation of these different levels of organization results in regulation of chromosome replication [11, 12] . In mammaa highly nonrandom radial and axial intranuclear positionlian nuclei, such positioning is established early during ing of chromosomal loci in the Drosophila embryo [4] .
G1. However, several specific chromosome regions have been shown to reproducibly reposition within the nucleus either at distinct stages within the cell cycle or as a funcIn contrast with this highly ordered, deterministic view of tion of gene regulation ([13-18] ; reviewed in [2, 19, 20] ). Unknown at this time are the mechanisms which direct specific chromosome regions to defined regions within the nucleus and how chromosome regions move between different locations.
Direct evidence for chromatin motion has been obtained from cytological studies of live cells. Using GFP-tagged chromosomes and single-particle tracking in S. cerevisiae, Marshall et al [21] showed that a well-defined interphase chromatin region near the centromere of chromosome III is subject to Brownian motion, confined to a small territory (r Յ 0.25 m) within the nucleus. A similar type of constrained, but apparently Brownian, motion was observed for the 359 bp heterochromatic repeat on Drosophila chromosomes labeled with fluorescent topoisomerase II [21] . Consistent with these results, several studies in mammalian cells did not reveal substantial chromatin motion durExperimental system. (a) Structure of the P element vectors used for ing interphase [22] [23] [24] . While these results provide evithis study. A GFP-Lac repressor fusion (GFP-LacI) was expressed dence for some degree of short-range Brownian motion, whether additional mechanisms might be required for the and 57A and 60A (second chromosome) were used in this study.
spatial remodeling of chromosomes.
Heterochromatic regions are represented as filled boxes.
Here, we report real-time analysis of chromosome motion in a developing tissue. Combining the Lac repressor/lac different tissues ( Figure 1a ). The target for the GFP-LacI operator system with single-particle tracking analysis, we protein was provided by a 10.1 kb array of 256 lac operator were able to follow the motion of tagged chromosomal (lac O) sequences integrated at different euchromatic sites sites in the live, developing spermatocyte nucleus in Dro- (Figure 1b ). sophila. Our results reveal a high degree of local and longrange motion compatible with rapid remodeling of nuclear GFP-LacI was predominantly nuclear in all expressed architecture. We find different temporal regimes of moDrosophila tissues and was uniformly distributed within tion, consistent with different levels of organization of the nucleus. The number of nuclear GFP dots correlated the chromatin fiber. We also observe dramatic changes in with the number of chromosomal lac O inserts (J.V. and the pattern and rate of motion as cells progress through J.W.S., unpublished data). Occasionally, some of the lac interphase. Finally, our results show the confinement of O inserts appeared as two distinct, closely located dots. chromosomes to specific nuclear territories even in the Such duplicated sites may represent unpaired homologs presence of a high degree of chromatin motion. The reor chromosomes in the process of replication. sults support a model for the dynamic organization of interphase chromatin based on diffusive motion moduTo follow chromosome motion during development, we lated by local interactions.
chose to focus on the Drosophila male germline. This system has been well characterized at the cytological level and is well suited for developmental and genetic studies
Results [29] . Individual cysts develop autonomously and can be
Tracking interphase chromatin motion cultured in vitro under conditions that allow the continuain spermatocyte nuclei tion of their developmental program for extended periods The Lac repressor/lac operator system has been previously of time [30] . It is therefore possible to follow the entire used for the visualization of 1-10 kb arrays of lac operator germline developmental pathway under the microscope. sites in live yeast [25] , bacteria [26, 27] , and mammalian Gonads from third-instar larvae were dissected, and 16-cells [28] . To label discrete chromosomal sites in live cell cysts were cultured in a sealed microscope chamber Drosophila nuclei, we used P element-mediated transfor- [30] . Spermatocytes at different stages of development mation to generate transgenic strains that expressed a nuclear GFP-Lac repressor fusion protein (GFP-LacI) in were identified by morphological criteria ( [31] ; Figure 2 ). Visualization of tagged chromosomes in spermatocyte nuclei. (a) Summary of spermatocyte development. The diagram shows spermatocyte nuclei at different stages of premeiotic interphase, starting with the last gonial mitotic division and leading to the first meiotic division. Shaded areas represent chromatin. "Early" corresponds to nuclei in mid-G2, soon after the separation of chromatin into three clusters (nuclear diameter ϭ approximately 10 m). "Late" corresponds to nuclei in late G2, before the onset of meiotic prophase (irregular nuclear shape; diameter ϭ 14-17 m). These two stages correspond approximately to stages S3 and S5 as described [31] . We restricted our analysis to two readily identifiable stages hr and freshly dissected spermatocytes at similar stages of of premeiotic interphase. The first stage, "early," is chardevelopment. After longer periods of time, morphological acterized by cells with an asymmetrically located round differences became apparent, and the development of a nucleus with a diameter of about 10-11 m and a wellsubstantial proportion of cells was delayed or arrested [30] . defined, round nucleolus. This stage corresponds to spermatocytes in mid G2, in which replicated chromo-GFP-LacI could be readily detected as a sharp, bright somes have separated into three clusters, representing the dot when bound to its target lac O array in live spermatothree major chromosome pairs. The second stage, "late," cyte nuclei (Figure 2b-g ). Generally, the width of the consists of mature spermatocytes in late G2, approxiintensity peak of the fluorescent dots, at half-maximum mately 6-12 hr before the onset of meiosis. These cells intensity, was approximately 3 pixels (approximately 0.33 are characterized by a large, irregular nucleus of approxim), similar to that of 0.1 m fluorescent beads and mately 14-17 m in diameter and an irregular nucleolus.
consistent with a subresolution point source. These reThese two stages correspond approximately to stages S3 sults suggest a substantial degree of compaction for the and S5, described in [31] .
10 kb lac O array, possibly at the level of a 30 nm fiber. In young spermatocytes (including those in G1, S, and the beginning of G2), nuclei heterozygous or homozygous Dissected testes were cultured for up to 14 hr. During for a single lac O insert displayed a single GFP dot, as this time, cysts retained a spherical, 3D organization, and expected from paired chromosomes. Surprisingly, in midspermatocytes continued their normal developmental prodle to late G2, heterozygous nuclei displayed two GFP gram, as indicated by characteristic changes in size and dots, while homozygous lines displayed four dots; these morphology. In particular, mature spermatocytes successfindings are consistent with the unpairing of homologous fully completed both meiotic divisions in vitro after sevchromosomes and the separation of sister chromatids. eral hours of imaging (data not shown). No differences This separation was observed at all sites tested (a total in nuclear morphology or chromosome organization were observed between spermatocytes cultured for up to 10-12 of nine euchromatic insertions on the X, 2 nd , and 3rd chromosomes; our unpublished data). Furthermore, the separation was not a result of culture conditions since it was observed in freshly dissected, whole testes and appeared to be stage specific. Since such gross differences in chromosome structure are expected to affect their diffusion characteristics, we restricted our analysis to similarly organized, unpaired chromosomes in middle and late G2.
To track the motion of GFP-tagged loci, we recorded time-lapse movies of nuclei heterozygous for a single lac O insert (Figure 2h ). Chromosome motion was quantitated by a plot of the distance between two moving loci as a function of time. Since the center of mass of individual dots can be determined with greater accuracy than the center of mass of an entire nucleus, this approach offered high spatial resolution while minimizing the effects of nuclear translation or rotation. The error in these distance measurements was estimated to be less than 50 nm [21] . Fast imaging rates were obtained by the selection of nuclei with both dots on a single focal plane; this method allowed the collection of time-lapse 2D sections at 0.5-1 frames/s. For analysis of motion over longer time periods, 3D images of entire nuclei were collected at a lower sampling frequency. atocyte nuclei is a random walk since there was no evidence for substantial directed motion. The estimated step size ‫ץ‬x along each axis for individual dots in early nuclei was approximately 0.17 m in a 1.2 s interval and correshould approximate a straight line, provided that the numsponded to a 3D step size of approximately 0.3 m. Over ber of averaged time points is fairly large (a condition that longer time periods, substantial displacements were obwas met in our experiments, with N Ն 500 time points served, with ⌬d values up to 1.5 m in 1 min and up to per nucleus). In practice, we found that the approximation 3 m over 10 min (Figure 3a-b) .
was reasonably good for ⌬t values up to 25%-30% of the entire collection period. For longer time intervals, the In unobstructed diffusion, the mean square displacement statistical fluctuations increase, and this increase leads to (MSD) is proportional to time. One can obtain the MSD significant departures from linearity for individual random by averaging over a large ensemble of molecules (as in walks [32, 33] . In our experiments, the MSD could not FRAP) or over a large number of time points (as in singlebe directly determined. Instead, a different value, the particle tracking). . between two GFP dots in late nuclei is shown in Figure  3c . In this example, the distance between the two loci We observed a strong deviation from linearity of the (Ͻ⌬d 2 Ͼ/⌬t) plot at small time intervals. In both early and remained relatively constant over a 17 min period, with a maximum change in distance, ⌬d, of 1.4 m. The ⌬d late nuclei, the apparent diffusion coefficient was greater when it was determined over the smallest time interval, values for ⌬t ϭ 1.7 s followed a normal distribution, with zero mean and a standard deviation of 0.12 m (Figure and it rapidly declined over the first 10-20 s. At longer time intervals, the plot became linear, which indicated a 3e). We calculated an average step size, ‫ץ‬x, of 0.08 m for individual sites (for ⌬t ϭ 1.7 s); this was approximately fairly constant diffusion coefficient. The shape of the curve suggests that the actual diffusion coefficient, at half the value found in early nuclei. The 3D step size was approximately 0.15 m. Displacements were relasmall time intervals, decreases approximately as the inverse of time. Such a behavior is consistent with the setively small but were still significantly different from those observed in fixed nuclei (estimated ‫ץ‬x Յ 0.04 m) that verely constrained diffusion of a particle within a small territory, where the boundary of confinement is reached served as a control. More importantly, Ͻ⌬d 2 Ͼ in fixed nuclei did not increase with longer time intervals, as exin a time scale comparable to our sampling interval ⌬t min ϭ 1.2 s. A similar curve can be obtained for a simulated, pected if the apparent motion in fixed nuclei is mostly due to measurement errors. strongly constrained random walk and is observed for fixed samples, in which most of the motion is due to noise The diffusion coefficient for chromatin in late nuclei was and occurs at very small time intervals (Figure 4c ). Under determined from the Ͻ⌬d represents the long-range diffusion coefficient (D 2 ). The values of D 1 and D 2 were estimated from a large sample of nuclei and are given in Table 1 . The values for D 2 are comparable to the average values previously determined from the slope of the MSD curve. The values for the short-range diffusion coefficient D 1 , on the other hand, are about 13 and 36 times higher than the long-range diffusion coefficients in early and late nuclei, respectively. These results indicate a fast, severely constrained chromatin diffusion at small time intervals in both types of nuclei. The two regimes of chromatin diffusion at short and long time intervals were also evident from the statistical analysis of the distribution of Ͻ⌬dϾ values (Supplementary material).
To further characterize the diffusive motion of chromatin and to search for motion patterns that might be relevant to the underlying chromosome structure, we determined the autocorrelation function (acf) for the ⌬d values ( [35] ; Figure 4d -g). The acf evaluates the serial dependence of a time series by calculating the correlation between sets of data points separated by an increasing number of time intervals. The analysis revealed a small but significant negative value at 1 ⌬t (Figure 4d-e) . This negative value is consistent with a conserved motion pattern that occurs in a time scale of 1-2 s and probably reflects the short- Chromatin motion in early nuclei is confined random walks or in actual random walks from diffusing beads.
to a chromosome territory-sized region
The results presented above indicate a high degree of chromatin motion in early spermatocyte nuclei, with a long-range diffusion coefficient of about 1 ϫ 10 Ϫ3 m 2 /s time intervals Յ⌬t min and that there is no further increase for individual lac O sites. At this rate, a given chromatin in displacement at longer time intervals (Figure 4b ). In region is expected to travel 4.6 m in one hour and, on live nuclei, on the other hand, there is a small but signifiaverage, will explore the entire nucleus (approximately cant difference between the two plots at long time inter-11-12 m diameter) in approximately 6-7 hr. Therefore, vals (Figure 4a ). These results indicate that diffusion of two freely diffusing loci will disperse randomly inside the chromatin has two components: a short-range, quasi-staentire nucleus in a few hours. To determine whether tionary component responsible for the relatively high difchromatin is able to diffuse freely across the entire nucleus fusion coefficient at small time intervals and a long-range over longer time intervals, we imaged whole nuclei in 3D component that becomes apparent as ⌬t increases and at intervals of 15 min for several hours. Time-lapse movies the effects of the stationary component become negligiindicated that chromatin did not diffuse across the nucleus ble. The value of Ͻ⌬d 2 Ͼ at ⌬t min provides a minimum at the rates expected but rather remained confined to a estimate of the actual short-range diffusion coefficient of chromatin (D 1 ), while the horizontal part of the plot small region within the nucleus. Typical results are shown Table 1 Summary of the motion patterns. (Figure 5c ), the distances between sister loci in early nuclei range from 0 to 7 m, with a ing. In early nuclei (Figure 5a ), the movie reveals substantial spatial reorganization of the four lac O sites between mean value of approximately 2.6 m (excluding nuclei with paired dots). The distribution of distances does not consecutive 3D images, and this reorganization is consistent with the previously determined diffusion coefficient significantly change after Ն10 hr of further development, with a mean interlocus distance of 3.3 m in late nuclei of 1 ϫ 10 Ϫ3 m 2 /s. On the other hand, the spreading of the sites was limited, and no further increase in interlocus (Figure 5d ). Since we imaged sister or homologous loci, a possible explanation for the constraint on the interlocus distance was observed for periods longer than 30-60 min. These findings indicate a confinement of the four lac O spreading could involve the pairing of homologous chromosomes or sister chromatid cohesion. The evidence sugsites to a small sub-volume of about 3 m radius within gests, however, that at this stage the association of homologs (and sister chromatids) is limited to the centromeric region (our unpublished data). We estimate that the length of the chromatin fiber, from the centromere to our tagged sites, probably exceeds 100 m and therefore cannot account for the observed constraint, which can best be explained by local attachments on individual chromatids. Consistent with this idea, the position of individual chromosomes within the nucleus appears to be relatively fixed in spite of a high degree of motility of individual sites.
Short range
Early Late Fixed D 1 1.3 ϫ 10 Ϫ2 m 2 /s 3.4 ϫ 10 Ϫ3 m 2 /s 8.5 ϫ 10 Ϫ4 m 2 /s ⌬r rms (1 s) 0.30 m 0.15 m 0.07 m N/n 37/Ͼ3000 46/Ͼ3000 3/180 Long range Early Late Fixed D 2 1.0 ϫ 10 Ϫ3 m 2 /s 9.4 ϫ 10 Ϫ5 m 2 /s Ͻ5 ϫ 10 Ϫ6 m 2 /s ⌬r rms (1 min) 0.6 m 0.2 m N A ⌬r rms (1 hr) 4.6 m 1.4 m N A r c ‫0.3ف‬ m Յ0.3 m Յ0.08 m ⌬t c 30 min Յ10 s Յ2 s N/n 22/172 31/117 3/
Lack of long-range chromatin motion in late spermatocytes
The time-course experiments for time intervals up to 17 min did not allow us to determine with certainty whether chromatin was subject to actual long-range motion in late spermatocyte nuclei. The distribution of the absolute dis- short time intervals used. We therefore followed the mo- Time-lapse data sets taken at 15 min intervals showed little change in the distance between GFP dots, or their relative positions, for periods up to 2-3 hr (Figure 5b ). This contrasted with the behavior of loci in early nuclei, the experimentally determined value of approximately which showed constant spatial reorganization.
1 ϫ 10 Ϫ4 m 2 /s in late G2.
Lack of significant long-range motion was even more apVisual evidence for the confinement of chromatin parent when nuclei were imaged at 30 min intervals for To obtain direct visual evidence for the different levels periods of several hours (see Supplementary material).
of motion, we examined projections of multiple frames Relatively invariant positions were maintained for up to representing consecutive time points. The short-range 8 hr despite the dramatic changes in nuclear shape that motion is best illustrated by an examination of projections took place as spermatocytes progressed toward meiotic of consecutive time points covering a 10 s period (Figure prophase. All together, these results indicate a lack of 6a-b). In early nuclei, individual GFP dots explored very long-range chromatin motion in late nuclei over periods similar regions of space, with an average radius of approxiof time greater than 1-2 min, and show confinement of mately 0.5-0.7 m in 10 s intervals. This value probably individual chromosomal loci within a small radius of Յ 0.5 overestimated chromatin motion due to the added effects m during late G2. Consistent with the strong local conof random nuclear motion but was nevertheless in good straint on chromatin motion, the results also show that agreement with the experimentally determined displacewhole chromosomes retain relatively invariant positions ment values between loci; these values are relatively independent of nuclear motion. For instance, the average exwithin the nucleus for extended periods of time (data not shown). Occasionally, movements of greater amplitude pected displacement in early nuclei is about 0.3 m in 1 s (Table 1) . Over longer periods of time, the nuclear could be observed. A careful analysis of the time-lapse movies suggested that such movements are largely the domain explored by individual lac O sites in early nuclei expanded until it covered a substantial fraction of the result of large-scale nuclear deformations and are not linked to chromatin diffusion. These movements, howentire chromosomal territory in less than 15 min ( Figure  6c-e) . On the other hand, late nuclei showed different ever, do contribute to the apparent displacement of the GFP dots. As a consequence, we expect the actual longmotion patterns for individual dots in a short time scale. The patterns ranged from loci that were apparently immorange diffusion coefficient to be significantly smaller than bile to loci that moved within a radius comparable to perhaps transiently, to an internal nuclear site. Alternatively, this motion pattern could reflect the motion of the that observed in early nuclei (Figure 6b ). Within a given nucleus, the different patterns of motion persisted over chromosome fiber within a crowded environment [34] . In the latter case, the radius of confinement of approximately extended periods of time, and this observation suggests that they were not due to transient local random fluctua-0.3 m might correspond to the average distance between chromatin fibers inside the spermatocyte nucleus. tions in chromatin motility but rather to stable physical constraints. This would be consistent with the tethering At long time intervals (⌬t Ն 30 s), the contribution of of the chromatin fiber at variable distances from the lathe fast component becomes comparatively small, and beled loci. Over longer time intervals, the domain exchromatin appears to diffuse with an apparent long-range plored by individual sites in late nuclei did not expand coefficient D 2 Ϸ 1 ϫ 10 Ϫ3 m 2 /s that is independent of significantly (Figure 6f-h) , and this result is in agreement time. This diffusion coefficient is 13 times smaller than with the low long-range diffusion coefficient determined the fast component and is responsible for the slow, longfor these nuclei.
range random-walk motion of interphase chromatin within the nucleus. The diffusion coefficient in early spermato- . This there are clear and reproducible differences in the apparent diffusion coefficient of chromatin when it is measured result suggests that a fast component might also be present in Drosophila embryos and yeast. In early nuclei, we did over different time scales. These differences suggest at least two different regimes for short-and long-range monot find evidence of constraint for the long-range component for ⌬t up to 12 min. For longer time intervals, howtion and are likely to be due to the underlying chromosome structure. The third novel feature is a striking ever, the motion of individual chromosomal loci appeared to be constrained to within a domain of approximately 3 change in the motion patterns as cells progress through G2, suggesting a possible regulatory mechanism. Finally, m radius. This radius of confinement is comparable to the dimensions of individual chromosomal territories, our results suggest the tethering of the chromatin fiber and support a higher-order domain model for chromosome which maintained a relatively constant size throughout middle to late G2; these findings suggest that the domain organization.
Discussion
explored by an individual locus represents a substantial
Structural implications
portion of the volume occupied by the corresponding We found evidence for two components of chromatin bivalent. Our data suggest that in early G2, loci diffuse motion in early G2 spermatocyte nuclei. The first compoat a relatively uniform rate within their chromosomal terrinent, at short time intervals, is characterized by an average tory. In early spermatocytes, the three lac O sites tested step size for individual loci of approximately 0.3 m appeared to be able to explore their respective domains (range: approximately 0-0.7 m) for ⌬t ϭ 1. the tethering of the chromatin fiber to a limited number vals, the MSD does not increase linearly with time, as of sites within the nucleus. Such tethering would be conwould be expected for freely diffusing chromatin. For sistent with the relatively fixed position of individual chroinstance, at ⌬t ϭ 2.4 s, the apparent diffusion coefficient mosomes observed in spermatocyte nuclei in middle G2 D ϭ 0.9 ϫ 10 Ϫ2 m 2 /s, about 30% smaller than D 1 . We while allowing for substantial motion of individual loci interpret this pattern as indicating that chromatin has a within their territory. severely constrained Brownian motion, which is characterized by a diffusion coefficient Ն1.3 ϫ 10 Ϫ2 m
/s and

Regulation of chromatin motion during the cell cycle
A comparison of the motion of well-defined loci at two which occurrs in a very small territory of average radius r S Յ 0.3 m. The rapid decrease in the apparent diffusion different stages of the cell cycle revealed major differences in the rates and patterns of chromosome motion in coefficient as ⌬t increases suggests that the confinement boundary is reached within a time scale comparable to early and late G2. The most striking difference was the absence of long-range motion in late G2 nuclei (D Ͻ 1 ϫ our sampling time. The origin of this short-range component is unclear. Such a pattern could result from the mo-10 Ϫ4 m 2 /s). This absence of motion was difficult to establish when nuclei were imaged for relatively short intervals tion of a relatively small segment of chromatin tethered, (Յ20 min) due to the lasting contribution of the shortas those required for enhancer-promoter association. Our range component and the effects of random deformations results suggest that two sequences located less than apof the large, mature spermatocyte nuclei on interlocus disproximately 1 m apart have a very high probability of tances. Statistical analysis of the data, however, clearly finding (interacting with) each other in a few seconds. We shows that the distribution of Ͻ⌬dϾ values does not also found that individual chromosomal sites can explore a significantly increase for time intervals greater than 1 min substantial fraction of their chromosomal territory within and indicates that most of the motion occurs in a short a few minutes. This motion could allow for relatively time scale. The absence of long-range motion was clearly rapid remodeling of chromosome organization inside the demonstrated in nuclei imaged for extended periods of nucleus and facilitate processes such as homology search time. In late G2, individual loci appeared to occupy fixed and homologous chromosome pairing within the same positions within the nucleus for periods up to 10 hr. This chromosomal territory. On the other hand, chromosomes was in contrast with the constant and rapid spatial reorganiin early spermatocyte nuclei were confined to distinct zation of chromosomes in early G2.
territories for extended periods of time. Such a confinement is expected to result in a very small probability Changes in the short-range motion of individual loci were of interaction between sequences located on different also observed. The apparent short-range diffusion coeffichromosomes (excluding homologs), even in the presence cient in early nuclei was about four times higher than of high chromosomal motility within a territory. Genetic that in late nuclei (1.3 ϫ 10 Ϫ2 versus 3.4 ϫ 10 Ϫ3 m 2 /s, studies have shown that the probability of interaction respectively). These values correspond to average 3D step between chromosomal regions is strongly dependent on sizes of approximately 0.30 and 0.15 m for individual the relative position of those regions [37] [38] [39] . Our results loci in early and late nuclei, respectively. In early nuclei, are entirely consistent with these observations. On the we saw no significant differences in the motion of sister other hand, in late G2, we found little or no long-range loci within individual nuclei. On the other hand, there motion, and individual loci appeared to maintain relatively was a great deal of variability in the motion patterns of fixed positions within the nucleus for periods up to 10 hr, sister loci in late nuclei. While these differences are diffiin agreement with the long-term preservation of nuclear cult to quantitate, the analysis of time-lapse movies was organization observed in a variety of systems. consistent with late-nuclei motion patterns ranging from apparently immobile loci to loci subject to local Brownian Conclusions motion comparable, within a factor of two, to that observed Our results have important implications for understanding in early nuclei.
interphase chromosome organization. We found evidence for complex patterns of motion of interphase chromoThe different rates of chromatin motion in early and late somes in live Drosophila spermatocytes. Our findings are nuclei, and the different rates of motion of sister loci consistent with different levels of organization of the chrowithin single nuclei in late G2, clearly suggest that chromatin fiber within the nucleus. The motion patterns in mosome motion can be regulated in the interphase nuearly G2 are characterized by a high degree of long-range cleus. An explanation of these different rates would remotion and are consistent with the rapid remodeling of quire major changes in the folding of the interphase 3D chromosome structure. In late G2, on the other hand, chromatin fiber if the motion were the result of free diffuthere was little or no long-range motion, and this resulted sion. No global changes in chromosome size, shape, or in the preservation of chromosome organization for excompaction between early and late G2 nuclei were detended periods of time. The modulation of the long-range tected by DNA staining and light microscopy. Therefore diffusion of chromatin over a Ն36-fold range during the we speculate that these differences in motion are primarily cell cycle suggests that chromosome motility is not primardetermined by interactions, specific and/or nonspecific, ily determined by factors such as nuclear viscosity or chrobetween chromatin and other nuclear components. Regumosome crowding. Instead, we propose that the diffusive lating such interactions would provide an efficient mechamotion of chromosomes is under regulatory control within nism for regulating chromatin movements.
the parameters allowed by the physical constraints. Our results are most consistent with a mechanism involving
Regulatory implications
interactions between the chromosomes and either the The different regimes of chromatin motion have implicanuclear envelope [21] or other, molecularly undefined tions for the regulation of genetic processes. Our results internal nuclear structures ( Figure 7 ). The modulation of indicate a high level of local motion, with diffusion coeffithe number or the stability of these interactions could cients Ն1.3 ϫ 10 Ϫ2 m 2 /s, within an approximately 0.3-0.7 provide an economical means for regulating the range and m range. As a comparison, the diffusion coefficient of rate of motion of chromatin. Our studies were conducted much smaller biological macromolecules, such as mRNA, on a highly specialized cell-type, the premeiotic spermatois only approximately 50 times higher [36] . These values are sufficient to allow for efficient local interactions, such cyte. It remains to be determined whether the patterns mounted underneath a glass slide bearing a 0.5 inch hole, and the microscope chamber was completed with a second coverslip. The chamber was sealed with halocarbon oil. Under these conditions, the culture medium formed a column of approximately 2-3 mm diameter between the two coverslips. For adult testes, the anterior tip (approximately one third of total length) was severed, and a similar procedure was used. Morphological criteria were used for the identification of the developmental stages [29, 31] .
2D and 3D Fluorescence Microscopy
2D and 3D time lapse images were acquired with a scientific-grade cooled CCD camera (Photometrics, Tucson, Arizona, USA) mounted on an Olympus IMT-2 inverted fluorescence microscope. Shutter action, stage movement, and data collection were automated with the IVE software platform [46] . A 60ϫ 1.4 NA objective lens and immersion oil of N ϭ 1.5180 (Cargille Laboratories, Cedar Grove, New Jersey, USA) A model for chromosome organization and motion in spermatocyte were used. The pixel size was 0.11 ϫ 0.11 m in the x,y plane. The nuclei. Spermatocyte nuclei in early and late G2 are shown slight undersampling was offset by a corresponding sensitivity gain and schematically. Each chromosome territory contains a pair of replicated represented an optimal compromise for the imaging of faint, moving homologous chromosomes. In early nuclei, a few attachment sites fluorescent targets. To image GFP, we used the "Endow GFP" filter define large chromosomal domains. This allows for a high degree of cube set (#41017; Chroma Technologies, Brattleboro, Vermont, USA). motion for individual loci while maintaining a fixed position for Typically, nuclei were imaged for 0.5 s. The actual times between consecindividual chromosomes within the nucleus. In late G2, a greater density utive images varied from about 1 to 2 s, depending on the size of the of attachment sites constrains the motion of individual loci to a much images collected (typically 256 ϫ 256 or 512 ϫ 512 pixels). For 3D smaller region. We propose that changes in the number of attachment data sets, z sections were collected at 0.25-0.4 m intervals. Out-ofsites and/or the stability of the interactions can modulate the rate focus information was removed by a constrained iterative deconvolution and the range of chromatin motion.
method [47] . After manual selection of the appropriate nuclei, the identification of GFP dots and the distance measurements were performed automatically [46] .
Under our imaging conditions, the cultured tissues remained healthy for of motion described here are specific to this particular up to 10-12 hr, as indicated by the absence of visible morphological cell type or if they are more general.
changes and by the fact that spermatocytes, after up to 10 hr of culture, were able to successfully complete both meiotic divisions. Generally,
Materials and methods
spermatocytes could tolerate up to 600 0.5 s exposures over a 15 min period, and proportionally more if the exposures were spread over longer
Fly strains time periods. Morphological changes and developmental arrest were The GFP-Lac repressor fusion protein (GFP-LacI) has been described observed after longer periods in culture or after more intense imaging [25, 28] . A truncated version of the bacterial Lac repressor protein regimes. lacking sequences necessary for tetramer formation was used for the prevention of adventitious interactions between individual lac O arrays.
Fluorescent latex beads (0.1 m diameter MicroSpheres, Molecular The fusion also contains a C-terminal SV40 NLS for nuclear targeting.
Probes) were suspended in glycerol at approximately 2 ϫ 10 8 particles/ An 880 bp DNA fragment from the 5Ј regulatory region of the Drosophila ml and were imaged under conditions similar to those used for live hsp83 gene was used for the expression of the GFP-LacI in the male spermatocytes. Such beads showed diffusion coefficients comparable to germline [40] . The fusion protein was also cloned in vector pUASp [41] .
that of chromatin and provided a control for unbiased and unconstrained This vector contains a P transposase promoter active in the Drosophila random walks. germline and a set of yeast GAL4 upstream activator sequences. pUASp can be used for ectopic expression of the fusion protein at high levels in a variety of tissues via the GAL4/UAS system [42] . Here, the vector
Data analysis
was used as an enhancer trap [43] for recovering additional lines express-
The data sets were tabulated as a time series (distance between pairs ing the GFP-LacI in the male and female germline. Lines containing up of GFP dots as a function of time). The mean square change in distance to 256 copies of the lac operator direct repeat were generated by P Ͻ⌬d 2 Ͼ for individual data sets was computed and plotted with Minitab element transformation, with the operator repeat cloned into the Casper (Release 10 Xtra; Minitab Inc., State College, Pennsylvania) on an Apple 4 vector (A.S.B. et al, unpublished data). Germ line transformation was G3 computer by the use of macros written in our laboratory. The same performed as described [44] . Additional lines carrying the lac O array software package was used for the statistical analysis of the data and were generated by mobilization of P element inserts. Chromosomal inserthe correlation analysis. The position of individual dots was defined as tion sites of the lac O array were determined by in situ hybridization on the intensity-weighted center of mass. To empirically determine the error polytene chromosomes.
on the distance between dots, we took multiple measurements of the distance between standard fluorescent beads immobilized on a glass slide and found it to be approximately 0.04 m, a value similar to that
In vitro tissue culture
Spermatocyte cysts were cultured in a sealed microscope chamber as previously reported [21] . To obtain an estimate of the error on the distance measurements in a three-dimensional sample, we determined the described [30, 45] , with minor modifications. Crawling third-instar male larvae were washed in distilled water, surface sterilized in 3% sodium distance between GFP dots in fixed spermatocyte nuclei (see Figure  3) . The experimental error on these distances was approximately 0.07 hypochlorite, rinsed several times, and dissected in Drosophila SL3 tissue culture medium (GIBCO-BRL) supplemented with 7% fetal calf m. In early nuclei, we saw little or no large-scale nuclear deformations that would be likely to affect our estimate of the diffusion rates, and the serum (Sϩ). Two to four testes were transferred to a drop of Sϩ medium on a coverslip. For culture periods longer than 6 hr, the culture medium MSD was independent of distance. Late nuclei were subject to random deformations of sufficient magnitude to affect our distance measurewas supplemented with antibiotics (100 units/ml penicillin; 100 g/ml streptomycin). The testis envelope was disrupted with a fine tungsten ments. These effects were clearly identifiable in accelerated time lapse movies, and data sets in which these deformations were minimal were needle, allowing the release of individual cysts. The coverslip was of instrumentation or data analysis, we similarly analyzed random walks 17. Lundgren M, Chow CM, Sabbattini P, Georgiou A, Minnaee S, Dillon, generated by freely diffusing latex beads. Such random walks were N: Transcription factor dosage affects changes in higher order undistinguishable from computer-generated, unbiased random walks. 
